OBJECTIVE: Application of a new investigative strategy to assess genetic and environmental influences on relative body weight. DESIGN: Covariance structure analysis of body mass index (BMI) using genetically informative samples. SUBJECTS: One-hundred and fourteen monozygotic (MZ) twin pairs (age 5.04 -22.93 y), 81 dizygotic (DZ) twin pairs (age 6.05 -16.52 y), and 98 virtual twin (VT) pairs, ie same-age unrelated siblings (3.68 -54.75 y). MEASUREMENTS: Height, weight, BMI variously obtained by direct measurement and self-report. RESULTS: In contrast with most previous studies, significant common environmental influence on BMI was observed. CONCLUSION: Much past research may have underestimated common environmental effects on BMI because the designs lacked the power or ability to detect them.
Introduction
Body mass index (BMI) is a widely used operationalization of adiposity in epidemiologic studies. It is highly correlated with direct measures of body fat 1 and has been validated in both children and adults. 2 Genetic epidemiologic research has demonstrated substantial genetic influence on relative body weight. Previous studies have estimated that genetic influences may explain approximately 25 -75% of withinpopulation variations in relative weight and BMI (kg=m 2 ). 3 Studies of twins reared apart and together have suggested that genetic effects explain 50 -90% of the variation in BMI, 4 a measure of relative body weight that is highly correlated with direct measures of body fat. 5 Following-up on this research, molecular geneticists have begun to detect specific genes involved in regulating body weight in both nonhumans 6 and humans. 7 Investigators have also begun searching for specific environmental factors underlying environmental variants in adiposity. 8 The extent to which shared and non-shared environmental factors affect relative body weight is an issue warranting further study by new investigative strategies. Shared environmental factors are experiences that individuals growing up together have in common (eg parental socioeconomic status). Several twin and adoptive sibling studies have found shared environmental influence on BMI and related measures, but have relied mostly on young children living together at home; 9, 10 shared environmental effects tend to dissipate in adolescence. In contrast, non-shared environmental events are factors that members of nuclear families within a household do not share any more often than nonrelatives residing apart. An important review showed that virtually all environmental effects on human adiposity appear to be non-shared or unique environmental factors, rather than shared or common environmental factors. 11 This has been a fairly consistent finding in human obesity research. There is, however, a methodological issue that makes interpretation of these data difficult. Specifically, there is considerable evidence from both human 4 and nonhuman research 12, 13 of substantial non-additive genetic effects on the regulation of body weight. These non-additive effects include dominance effects at specific genetic loci and gene-by-gene interactions (epistasis). In the classic twin design, non-additive genetic effects and common environmental effects are perfectly confounded such that a large non-additive genetic effect will obscure a smaller common environmental effect. Therefore, even if common environmental effects for obesity are present, they may have been undetected, or underestimated, in much previous research because they were overwhelmed by non-additive genetic effects. The present study addresses this issue with a unique research design that allows shared environmental effects to be estimated simultaneously with dominant genetic effects. This novel approach includes virtual twins (VTs) and ordinary monozygotic (MZ) and dizygotic (DZ) twins. VTs provide an additional source of information for studies of physical and behavioral variation.
VTs are defined as same-age unrelated siblings reared together since infancy. 14, 15 VT pairs consist of two adoptees or one natural child and one adoptive child. VTs uniquely capture the rearing situations of twins, but in the absence of genetic relatedness they provide a more sensitive estimate of common environmental influence on measured phenotypes than do ordinary adoptees. This is because ordinary adoption designs rely on individuals who vary with respect to age, residential history and=or time of entry into the family, whereas VTs are very closely matched on all these measures, as are twins. Of course, VTs do not share intrauterine environments, but prenatal effects specific to many MZ twin pregnancies (eg mutual circulation) eventuate in greater dissimilarity than similarity for some traits. For example, MZ twins show greater birth weight differences than DZ twins, despite their genetic commonality. 16 Only two reports of VTs have appeared thus far, both of which concerned shared environmental effects on intellectual similarity. 17, 18 The present report is, thus, the first to use these novel sibships in a combined twin -adoption analysis of body weight and BMI. BMI is a well established index of relative body weight in children and adolescents. 2 
Methods
Twins were drawn from two separate studies, one conducted at the University of Chicago and the other at the University of Minnesota. 19, 20 Twins in the University of Chicago study resided in the Chicago and New York City areas, while twins in the University of Minnesota study resided in Minneapolis, St Paul and surrounding suburbs. In both studies, the majority of families were identified through Mothers of Twins Clubs and personal referrals, with participation rates exceeding 90%. Twins clubs may attract more similar pairs, yet psychological test findings (and body size measures) for these twins were comparable to those of samples identified through other sources. Zygosity was determined by serological analysis for half the twins in both studies, with the remainder classified by a standard physical resemblance form showing 93% agreement with blood studies. 21 Approximately 90% of the twins were Caucasian and most were from middle class families.
VTs were participants in ongoing research conducted at California State University, Fullerton. VTs were accepted for study if they met the following criteria: common rearing before age 1 y; age difference of 9 months or less; enrollment in the same school grade; absence of birth difficulties that may have affected intellectual development. Ninety-eight pairs (72 adoptive-adoptive pairs and 26 adoptive-natural pairs) were included in the present report, although the number of participating families was 94 since several provided more than one pair. Approximately 60% of the pairs were identified through magazines and newsletters targeted to families with adopted children and twins. The remainder of the sample was identified by personal referrals, the media and professional colleagues. (Most VTs were children, but several older pairs were included. All data were age-and sex-corrected as explained below.) Also consistent with previous adoption samples, families were generally middle class. Most mothers (61%) and fathers (77%) held professional, technical or managerial positions, and while 20% of mothers were unemployed they had earned higher educational degrees. The majority of families resided throughout the United States although several were from Canada and Europe.
Height and weight data were provided by parents of twins in Chicago who weighed and measured the children during home visits or shortly thereafter. This information was gathered by examiners for twins in Minnesota, also during home visits. Parents of VTs provided height and weight data for children as part of a mailed family background questionnaire; these data were gathered by research staff for some California pairs living close to campus, or were provided by self-report by the few adult VTs. Mean age of the combined twin -virtual twin sample was 8.97 y (s.d. ¼ 5.60). Age and age variance did not differ among MZ twins, DZ twins and VTs. Additional participant characteristics are summarized in Table 1 .
Mean values, within-pair difference scores and intraclass correlations for weight, height and BMI were compared Twins and virtual twins: body weight NL Segal and DB Allison among MZ twins, DZ twins and VTs. Prior to calculating the correlations, data for the combined twin and VT samples were corrected for age effects (up to the third degree polynomial, sex and the interaction of sex with each polynomial of age) and were then standardized (mean ¼ 0 and s.d. ¼ 1). The regression procedures used are well described in the literature.
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Statistical analysis involved modeling the covariance structure among the twins as a function of genetic and environmental parameters. 23 Least squares, rather than the more commonly used maximum likelihood estimation, was employed given the relatively modest sample sizes and nonnormality of the traits under study. Prior to analysis, BMI was calculated for all individuals as kg=m 2 and then residualized using ordinary least squares regression to eliminate the effects of age and sex. The cross-product of each twin pair was used as the dependent variable in subsequent regression analyses. (Members of an MZ female triplet set were entered as three twin pairs in these analyses, although were considered as one pair in the descriptive measures summarized in Tables 1 and 2 .) The expected value of the cross-product is the twin -twin covariance. When variables are initially standardized to unit variance, as in the current case, the expected values of these cross-products are the twin -twin correlations. The magnitude of these correlations is a function of the genetic and environmental influences on the traits in question. The expected correlation for MZ twins is a 2 þ d 2 þ c 2 where a 2 is the proportion of phenotypic variance due to additive genetic effects, d
2 is the proportion of variance due to dominant genetic effects and c 2 is the proportion of variance due to common environmental effects. The expected correlation for DZ twins is 1=2a 2 þ 1=4d 2 þ c 2 and the expected correlation for VTs is c 2 . The design matrix has three variables a, c and d where c is a vector of 1 s, a takes on the value 1 for MZ twins, 1 2 for DZ twins, and 0 for VTs, and d takes on the value 1 for MZ twins, 1 4 for DZ twins, and 0 for VTs. Regressing the twin phenotypic cross-products on this design matrix, and constraining the regression coefficient estimators to lie between 0 and 1, the coefficient for the variable c (the intercept of the regression equation) becomes an estimate of the common environmental variance, the coefficient for a becomes an estimate of the additive genetic variance, and the coefficient for d becomes an estimate of the non-additive or dominance variance. One minus the sum of these three estimates is an estimate of the unique or random environmental variance. (Epistatic effects tend to be absorbed into the dominance estimate. They were not explicitly parameterized in the model, partly because there is no a priori knowledge of DZ correlations for such effects.) Standard errors of all estimates were obtained by nonparametric bootstrap procedures to assure robustness; 24 this method also accomodates skewed data. In addition, to further evaluate the robustness of the models, all analyses were repeated with the phenotypic data ranked to reduce any effect of outliers. 25 
Results
Means and standard deviations for weight, height and BMI are summarized in Table 2 . These values were comparable to those of other samples of similar age. The intraclass correlations for weight, height and BMI vary in magnitude in accordance with the genetic relatedness of the twin and VT pairs, indicating genetic influence on all three measures. The DZ twin and VT BMI correlations do not, however, differ statistically (using two-tailed tests), suggesting a contribution from the shared environment. This finding was explored via model testing.
Model testing results are displayed in Table 3 . The estimated genetic and environmental effects were virtually identical using ranked and unranked data, indicating the robustness of the procedures used with respect to outliers and distributional assumptions. The estimate of a 2 fell near the boundary constraint of zero (0.05) and was not significant, so was dropped from the model. As can be seen, the estimate of c 2 (common environmental variance) for BMI was 25% and was significantly greater than zero (P ¼ 0.0113). The estimate of d 2 (non-additive variance) was 61% and was statistically significant (P ¼ 0.0057). The estimate of e 2 (unique environmental variance) was 14%. Results were similar with ranked and unranked data, although the former produced slightly higher estimates of c 2 .
Discussion
Unlike prior research the results herein show a relatively large common environmental effect. This is because the study's design allowed the common environmental effect Twins and virtual twins: body weight NL Segal and DB Allison to be estimated simultaneously with the dominant genetic effects. When this became possible the estimated common environmental variance was statistically significant. This suggests that past research may have underestimated common environmental effects because the designs lacked the power or ability to detect them. This has important implications for understanding the origins of variations in body weight and obesity and the development of management strategies.
The finding that virtually all the genetic variance was estimated to be non-additive further reinforces a previously reported finding in the literature. Specifically, it suggests that prior twin studies (although producing heritability estimates for BMI that were higher than many non-twin studies) probably did not produce spuriously high estimates. The estimates may have been legitimately high due to the markedly non-additive nature of the genetic effects. We note that a genetic model in which all the variance is dominant and none is additive is implausible. 26 This finding most likely indicates that much, but not all, of the genetic variance is apparently non-additive. This non-additivity is not only dominance at single loci (which has been shown in rodent models), but also epistasis, which has been shown in human and non-human weight studies. 27 -29 Therefore, much of the non-additivity is probably due to a combination of dominance and epistasis. It should also be acknowledged that the parameter estimates for the additive and non-additive effects were highly covariate, making individual parameter estimates difficult to disentangle. This is especially so given the modest sample size. Thus, while the overall estimate of broad sense heritability (additive plus dominance effects) may be reasonable, the precise contribution of additive and non-additive effects is best viewed as approximate. Future research of a similar design, but with larger sample sizes and more diverse social and cultural backgrounds, is indicated.
The implications of these findings for obesity research in both molecular and public health realms are important. At the molecular level the overwhelming evidence for marked non-additive genetic effects emphasizes the importance of studying multiple genes simultaneously to examine interactive effects as was recently done in the case of the HMGIC-1 gene. 11 The presence of non-additive variance may have implications for quantitative trait loci (QTL) mapping studies because it suggests the need for large sample sizes and for statistical models allowing for joint effects of multiple genes. At the public health level, the demonstration that prior studies may have underestimated common environmental effects for obesity, especially during the developmental years, becomes important. Specifically, the common intuition that shared family environments include an important influence on one's tendency to be thin or obese may not be inconsistent with data from behavior genetic studies. Investigators studying environmental influences on obesity need to more carefully study common household environmental influences on body size.
Twins and VTs share family environments to a greater extent than non-twin siblings, urging cautious generalization of the findings. In addition, most participants in this study were relatively young and prepubescent, so the findings may not apply to older family members. Thus, Twins and virtual twins: body weight NL Segal and DB Allison longitudinal assessment of changes in the relative contributions of shared and non-shared environments to obesity across the life span is needed to further inform understanding of this trait. These goals can be assisted by including various genetically and environmentally informative kinships in combined analyses. VTs may play increasingly prominent roles in such investigations.
